1. Introduction {#s0005}
===============

Cerebral palsy (CP), which is the most common cause of childhood motor disability, refers to a group of disorders characterized by abnormalities of movement, posture, and balance. CP is most often associated with prenatal brain injury that results in motor impairments of variable severity that affect different parts of the body [@bib1], [@bib2]. The clinical presentations of CP can be spastic, ataxic, and athetoid or dyskinetic, but most subjects show a combination of symptoms that are believed to indicate the involvement of different brain region(s) and degree of injury [@bib3].

Epidemiological studies have identified several risk factors for developing CP, which in combination indicate complex and multiple interactions in the antenatal period in the development of the disease [@bib2], [@bib4], [@bib5]. These risk factors are divided into manifestations of complicated fetal development and conditions affecting the normal progress of pregnancy [@bib6], [@bib7], [@bib8], [@bib9]. and include prematurity, low birthweight, and multiparity. Complications of pregnancy such as placental abruption, maternal exposure to toxic substances, and viral and bacterial infection also have a strong association [@bib10].

Hypoxia-ischemia (HI) of the fetal brain that originates from or is associated with antenatal complications is a significant cause of brain injury leading to mental and/or motor impairment [@bib3]. Still the exact pathophysiological mechanisms of CP need to be elucidated [@bib11]. Progress toward prevention and effective treatment of CP have been hindered by lack of mechanistic understanding, difficulty early diagnoses and the lack of markers of critical brain injury.

Tetrahydrobiopterin (BH~4~) is an obligatory cofactor of the enzymes in the biosynthetic pathway of monoamine neurotransmitters ([Fig. 1](#f0005){ref-type="fig"}) [@bib12]. Insufficiency in brain BH~4~ due to genetic defects is a known cause of pediatric motor impairments sometimes accompanied by other central nervous system complications [@bib13]. Little is known about BH~4~ regulation in the normal fetal brain during development and after brain injury. Herein, the BH~4~-regulated biochemical pathways and, emerging evidence indicating that BH~4~ is an important target of injury and a possible therapeutic intervention to ameliorate antenatal brain injury are discussed.Fig. 1Biochemical markers of BH~**4**~ deficiency. Neopterin and biopterin are measured in cerebral spinal fluid for differential diagnosis of enzyme deficiencies. The blood phenylalanine levels are also used in the screening for AD-GTPCHI (autosomal dominant deficiency, GTPCH-I); AR-GTPCHI (autosomal recessive deficiency, GTPCH-I); SR (sepiapterin reductase); PTPS (pyruvoyl-6-tetrahydropterin synthase); PCD (Pterin 4-alpha-carbinolamine dehydratase); DHPR (dihydropterin reductase).Fig. 1

2. Tetrahydrobiopterin deficiency and pediatric neurological disorders {#s0010}
======================================================================

The best-known function of BH~4~ in the brain is its cofactor role in tryptophan hydroxylase (TPH, EC 1.14.16.4), tyrosine hydroxylase (TH, EC 1.14.16.2, tyrosine-3-monooxygenase), and nitric oxide synthase (NOS, EC 1.14.13.39). TPH and TH produce serotonin, and dopamine, respectively. BH~4~ deficiency is suspected when symptoms such as motor impairments, encephalopathy, and developmental delays are evident. Paradoxically, neurotransmitters levels are not the first-line assay in diagnosing diseases suspected to be associated with the loss of BH~4~ [@bib14], [@bib15]. It is not an uncommon finding that cerebral spinal fluid (CSF) neurotransmitter levels are not markedly different from age-matched control values in certain conditions. Thus, a definitive diagnosis of BH~4~ deficiency is generally based on clinical, biochemical, pharmacological, and genetic analyses [@bib16], [@bib17], [@bib18].

Genetic alteration of the BH~4~ pathway enzymes ([Table 1](#t0005){ref-type="table"}) is considered the paramount mechanism of BH~4~ deficiency [@bib19]. Novel evidence, however, indicates that regulation of BH~4~ may also respond to changes in free radicals and nucleophilic oxidants such as hydrogen peroxide and peroxynitrite [@bib20]. Cytochrome c also influence BH~4~ content in cells by promoting oxidation [@bib21]. Some of these reactions contribute to the loss of BH~4~ and function in neurodegenerative disorders [@bib22].Table 1Biochemical characteristics of the BH~4~ biosynthetic enzymes.Table 1**EnzymeEC numberSize (kDa)/subunitChromosomal location**GTPCH−13.5.4.1627.9/1014q22.1--22.2PTS4.6.1.1016.4/611q22.3--23.3SR1.1.1.15328.0/22p13PCD4.2.1.9611.9/410q22DHPR1.6.99.725.8/24p15.31

Although BH~4~ deficiency is the common end-point of several different genetic enzyme deficiencies, important biochemical distinctions indicate that these deficiencies are not equivalent [@bib23]. This could be explained by different degrees of deficiency, regional changes and a differential impact in dopamine and serotonin production [@bib24].

3. GTP cyclohydrolase-I deficiency {#s0015}
==================================

Autosomal dominant GTPCH-I deficiency causes hereditary progressive dystonia with marked diurnal fluctuation (dopa responsive dystonia \[DRD\], Segawa disease, or DYT5). A high mutation rate causes reduction of GTPCH-I activity in various degrees [@bib25]. GTPCH-I quaternary structure shows two dimers of pentamers [@bib12]. In autosomal dominant GTPCH-I deficiency, is proposed that lack of activity correspond to formation of homodecamer-hybrids, i.e., protein containing both mutant subunits and subunits encoded by normal alleles [@bib26]. The resultant mutant hybrid protein shows reduced activity that is explained by the inability to stabilize homodecamer structure [@bib27]. This concept is however controversial, as low GTPCH protein is considered to better explain reduced enzyme activity.

Clinical biochemical CSF findings indicative of the disease include low concentrations of neopterin, a metabolite derived from 7,8-dihydroneopterin phosphate, and low biopterin, a metabolite derived from BH~4~ oxidation ([Fig. 1](#f0005){ref-type="fig"}). Homovallinic acid (HVA) and 5-hydroxyindole acetic acid (5-HIAA) levels may also be decreased. TH appears to be the most affected enzyme in GTPCH-I deficiency due to decreased BH~4~ regional distribution and destabilization of TH in conditions of low cofactor availability [@bib28]. This observation has lent support to the idea that some symptoms of BH~4~ deficiency are indicative of the dependence of dopaminergic development on the availability of the cofactor.

The discovery that asymptomatic carriers sharing the same GTPCH-I mutation as symptomatic subjects supports the hypothesis that additional mechanisms are involved in BH~4~ regulation in the brain. It is estimated that subjects with deficiency of \<20% of normal values of BH~4~ in CSF will develop neurological symptoms such as dystonia of the legs and postural instability [@bib13]. Children show marked diurnal fluctuation of symptoms worsening during the day. A marked response to L-dopa/carbidopa treatment is characteristic. Early clinical signs of disease such as postural dystonia, action dystonia (retrocollis and oculogyric crisis), and imbalance generally appear at approximately six years, but it is not rare to have a late development, \>15 years of age. Adult onset shows postural tremor, writer\'s cramp, and gait disturbance due to generalized rigidity. Whether the timing of symptom development stems from a continuum of GTPCH-I loss of activity in the brain is an intriguing possibility.

There is evidence that GTPCH-I is a sensitive target of electrophiles such as the lipid peroxidation end-product 4-hydroxynonenal [@bib29] and oxidants such as peroxynitrite, which target the protein for proteasomal degradation. This mechanism could result in critical GTPCH-I inactivation and loss of BH~4~ aggravating disease in carriers of 'mild' genetic deficiency. Also, an enhanced capability to inhibit oxidant accumulation in the brain may explain asymptomatic carriers that may better preserve GTPCH above critical threshold activity. Oxidant accumulation in the brain from uncoupled superoxide radical anion (O~2~^•--^) production from NOS [@bib30] is one possible mechanism increasing oxidant injury in the brain, which together with diminished basal NO could further accelerate lipid peroxidation in the brain.

4. Pyruvoyltetrahydropterin synthase deficiency {#s0020}
===============================================

PTPS deficiency is an autosomal recessive disorder resulting in decreased levels of BH~4~, serotonin, and dopamine. Diagnosis is based on CSF HVA and 5-HIAA levels, and patients can be severely (\>80%) or mildly affected (\<20%) [@bib31]. Hyperphenylalaninemia (HPA) is frequently diagnosed in the neonatal period, and a higher neopterin-to-biopterin ratio is characteristic. PTPS deficiency is the most common enzyme defect of the BH~4~ pathway. Generally, affected neonates are small for gestational age, premature, and have low birthweight and microcephaly. These characteristics strongly suggest an antenatal component in the development of disease. Children develop several neurological symptoms such as dystonia, hypokinesia, rigidity, tremor, oculogyric crises, irritability, and developmental delays [@bib31], [@bib32]. Although rare, some severely deficient PTPS patients have been misdiagnosed with CP based on their mild HPA [@bib33], [@bib34]. Thus not only early diagnosis and treatment of the disease are important in the overall prognosis of the disease but also genetic confirmation. Treatment of PTPS deficiency includes high doses of levodopa, 5-hydroxytryptophan, and BH~4~ with the goal of reversing the hyperphenylalaninemia.

5. Sepiapterin reductase deficiency {#s0025}
===================================

SR catalyzes the final steps in the synthesis of BH~4~ [@bib35]. Genetic SR deficiency is an autosomal recessive disorder that causes motor and cognitive delays. The early motor impairments hypotonia and dystonia as well as oculogyric crisis are common findings, while tremor and chorea are less prevalent [@bib36]. This enzyme deficiency is one of the most recent to be documented and, it was noted that several children symptomatic for SR deficiency have been mistakenly diagnosed with CP [@bib37], [@bib38]. A differential genetic screening for SR is now recommended in patients with CP.

The mouse model of SR deficiency shows significant growth retardation, less locomotion, tremor-like symptoms in forelegs, and bradykinesia with age [@bib39], [@bib40]. Brain BH~4~ levels are significantly decreased, in the homozygous knockout (SR^-/-^) while in the heterozygous (SR^+/-^) are not significantly different from those in the wild-type animals. Brain dopamine levels in these animals parallel the trend seen with changes in BH~4~ levels, i.e., SR^-/-^ showing low levels compared to SR^+/-^ and wild type. This relationship may be linked to a marked decrease in TH protein levels in the SR^-/-^ animals.

A significant accumulation of biopterin and sepiapterin, a nonenzymatic oxidation product of 1′-hydroxy-2′-oxotetrahydropterin, with normal levels of neopterin is found in human CSF. The neurotransmitter profile that shows decreased HVA and 5-HIAA in CSF without phenylalaninemia. Retention of some SR activity generally leads to mild phenotypes, which have been shown to correspond with SR splicing defect [@bib41]. SR deficiency responds to treatments with levodopa, carbidopa, 5-hydroxytryptophan, and BH~4~.

6. Dihydropterin reductase deficiency {#s0030}
=====================================

DHPR deficiency is associated with severe neurological symptoms in children. Onset of disease is in the neonatal period or early childhood. Children develop feeding difficulties, truncal and limb hypertonia, and delayed motor and cognitive development. Hyperphenylalaninemia is characteristic [@bib42], with decreased CSF HVA, 5-HIAA, and folate; increased levels of biopterin; and unchanged neopterin levels [@bib43]. Changes in CSF BH~4~ level are not always detected.

DHPR catalyzes the recycling of quinoid BH~2~ generated from TH and TPH reactions. This product is unstable and, in the absence of a reducing enzyme, will be converted to BH~2~ ([Fig. 1](#f0005){ref-type="fig"}). In DHPR deficiency, it is not exactly clear whether BH~2~ accumulation and/or limiting concentrations of BH~4~ fully explain the decreases in serotonin and dopamine. Additional changes in the brain\'s redox state, consequent to BH~2~ accumulation, are also considered to play a role in the pathophysiological mechanisms of disease.

The possibility that BH~2~ interferes with folate metabolism was examined in the QdPR^-/-^ mice, a model of DHPR deficiency, which shows elevated concentrations of BH~2~ in the brain [@bib44]. Kinetic studies demonstrated that high concentrations of BH~2~ are needed to compete with the reduction of folate by dihydrofolate reductase (DHFR) with Ki of 88.2 μM. Thus, inhibition of DHFR-folate reactions by BH~2~ requires the accumulation of BH~2~ at much higher concentrations than those found in the brain tissue of QdPR^-/-^ animals. Metabolomic analysis of QdPR^-/-^ however showed increased expression of mediators of cell redox balance such as glutathione, gamma-glutamine-cysteine, and taurine, among others [@bib44]. Although the reasons for this increase are unclear, one speculation is that increased BH~2~ accumulation in the brain can increase oxidative injury via stimulated O~2~^•--^ release from uncoupled nitric oxide synthases (NOS) activity. This is highly significant since the QdPR^-/-^ brain could be the first model demonstrating the impact of NOS-uncoupling in the mechanisms of brain disease.

Subjects of DHPR deficiency are treated with BH~4~ and, in severe cases, dietary restriction of phenylalanine is required [@bib45]. Treatment with BH~4~ is nonetheless controversial as it could increase BH~2~ in the brain. However, this increase is unlikely as the oral doses of BH~4~-supplemented to regulate phenylalanine metabolism (\~20 mg/kg/day) are mostly retained in the liver. Levodopa and 5-hydroxytryptophan together with monoamine oxidase inhibitors are also frequently required. Treatment with folinic acid is also recommended to ameliorate the loss of folate [@bib46] and prevent 5-methyltetrahydrofolate deficiency.

7. Reactive species and BH~4~ {#s0035}
=============================

Neuronal nitric oxide synthase (nNOS) regulate several functions in the developing brain. nNOS was first isolated from the rat cerebellum [@bib47]. nNOS and endothelial NOS require BH~4~ as a cofactor and, are activated by calcium-calmodulin [@bib48]. One of the best-known functions of diffusible NO involves the production of cyclic guanosine monophosphate (cGMP), leading to activation of protein kinase G and several other targets promoting diverse physiological effects. From the developmental viewpoint, NO has been shown to control proliferation and promote differentiation of brain neuronal progenitor cells [@bib49], influencing neurogenesis in the adult brain, density of mature oligodendrocytes, and myelin content in the immature rat brain.

The nNOS oxygenase domain binds BH~4~ ([Fig. 2](#f0010){ref-type="fig"}), which remains tightly bound to the enzyme during catalysis. During normal enzyme turnover, BH~4~ undergoes redox cycling during the different catalytic cycles without dissociating from the enzyme [@bib50]. This is one major difference compared to BH~4~ in catalytic cycle of amino acid hydroxylases, where BH~4~ undergoes hydroxylation and dissociation from enzyme. Also, binding of BH~4~ to NOS [@bib48] promotes heme binding but not enzyme dimerization [@bib51]. Conversely, BH~4~ aids in the normal folding of TH, and BH~4~ deficiency may influence TH misfolding [@bib52].Fig. 2Nitric oxide synthase products are regulated by BH~4~ cofactor. (*Left*) Resting state of NOS. Upon binding of calcium calmodulin, electron flow from NADPH to heme-Fe^3+^ is established. (*Right*) The heme-Fe^2+^ reacts with oxygen to form heme-Fe-O~2~ species that can generate superoxide radical anion (O~2~^•--^) conditions of low BH~4~. The production of O~2~^•--^ from NOS is known as NOS-uncoupling. When BH~4~ is bound to the enzyme the reaction proceeds to generate NO and citrulline.Fig. 2

Early studies on nNOS activity indicated that the enzyme produces ROS [@bib53], [@bib54]. Applying EPR spin trapping studies, we definitively demonstrated that BH~4~ deficient enzyme produces O~2~^•--^ upon activation with calcium calmodulin. The release of O~2~^•--^ was shown to be dose-dependently inhibited upon reconstitution of the enzyme with BH~4~ [@bib30] ([Fig. 2](#f0010){ref-type="fig"}). These studies also showed that the reductase domain of NOS does not contribute to oxidant generation. In combination, this information established that BH~4~ deficiency increases O~2~^•--^ from the heme-iron bound to the oxygenase domain of the enzyme, and that BH~4~ regulates the coupling of NADPH to L-arginine oxidation in the oxygenase domain. Both L-arginine and BH~4~ are required for optimal NO production from NOS ([Fig. 2](#f0010){ref-type="fig"}). Splice variants of nNOS (nNOS-α and nNOS-µ) have been found to be highly expressed in the brain. These isoforms show similar enzyme activity (NO-formation), and BH~4~-inhibitable O~2~^•--^ formation, although nNOS-α appears to have increased ROS activity when overexpressed in cells [@bib55]. A consequence of the increased ROS signaling from NOS is that hydrogen peroxide and peroxynitrite can propagate oxidant injury via protein S-oxidation [@bib56], S-guanylation [@bib57], and tyrosine-nitration [@bib58].

8. Rabbit model of HI injury {#s0040}
============================

Part of the problem with the development of much-needed therapies for perinatal HI and CP is the lack of animal models that are appropriate to the clinical condition reproducing several of the key aspects involved in the human disease development. We have studied the developmental brain responses to HI in a fetal rabbit model. Rabbits are perinatal brain developers like humans, which is an advantage. The rabbit model of HI also is advantageous in that it provides a platform that closely emulates *in utero* brain responses to HI at different developmental ages, corresponding to 70--92% gestation in rabbits, and mimicking placental abruption---a human condition where there is an interruption of oxygen and nutrients from the mother to the fetus. After birth, newborn survivors of HI present with pronounced motor deficits such as impaired locomotion, reflex motor activity and coordination of suck and swallow. Other behavioral changes closely mimic those of human CP [@bib59], [@bib60], [@bib61], including postural changes and hypertonia [@bib59]. Using a human classification of tone disorders, hypertonia in rabbits is mostly dystonic and rarely spastic.

HI at 70% gestation injury is characterized by postnatal hypertonia. Imaging findings indicate that HI causes concomitant white matter injury affecting mostly the internal capsule as determined by postnatal magnetic resonance imaging (MRI), and corticospinal tract injury may explain some of the hypertonia [@bib60]. HI in the near-term rabbit, at 92% gestation, demonstrated additional injury to the basal ganglia--thalamus--brain stem and, to a lesser extent, cortex and periventricular white matter injury. These lesions are strongly associated with the severity of the postnatal motor deficits [@bib62]. In this age group, we can demonstrate a short hypotonic phase before the manifestation of hypertonia, a progression that is comparable to the manifestation in most human newborns that results in CP. In the younger ages, presumably the hypotonic phase occurs *in utero*, and we are only able to observe the hypertonia after birth. Human newborns can also present at birth with long-lasting hypertonia, further supporting the view that etiological insults causing CP are mostly antenatal in origin.

The other unique feature of the rabbit HI model is that MRI during HI at 72% gestation reveals distinct patterns of changes of apparent diffusion coefficient (ADC) by diffusion-weighted imaging, which predicts which fetuses in the litter will become hypertonic ([Fig. 3](#f0015){ref-type="fig"}). Most litters present with fetal subpopulations that have almost normal motor function as well as severe postural changes and hypertonia. Both subpopulations can be predicted by MRI biomarkers [@bib63]. Furthermore, there is a subpopulation that manifests detectable reperfusion-deoxygenation injury on MRI. This reperfusion-reoxygenation injury occurs with increased superoxide formation [@bib64].Fig. 3MRI diagnostic of hypertonia in brain hypoxia-ischemia reperfusion-reoxygenation. Apparent diffusion coefficient (ADC) changes involving decrease below a nadir and further fall during uterine reperfusion (RepReOx) can be used to predict fetal population that will develop hypertonia.Fig. 3

9. HI and oxidant injury {#s0045}
========================

Early studies indicate that fetal brain HI injury varies with timing and brain regions, from resistant to highly susceptible cells. Cells presenting with critical injury are observed to die days after injury, while others appear to recover from damage [@bib65]. In fetuses manifesting evidence of reperfusion-reoxygenation injury as indicated by MRI, fetal brains show fewer healthy neuronal cells and oligodendrocytes [@bib64]. This observation is relevant to the human pattern of brain injury, which does not generally manifest the full range of motor deficits immediately after insult, but generally is delayed for 18--24 months for CP, a long enough period to lose the ability to discern possible etiological factors.

Neurotransmitter release can be variable in the perinatal brain following HI injury. Following acute hypoxic exposure in postnatal day 4 (P4) rats, both dopamine content and density of dopamine receptors are decreased in the cerebellum [@bib66]. Moreover, HI led to preferential loss of TH neurons [@bib67]. In contrast, striatal dopamine release in awake P5 rats was increased following hypoxia [@bib68].

10. Tetrahydrobiopterin and fetal brain HI {#s0050}
==========================================

We showed, in normal developing fetal rabbit brain, a rapid gain of function with respect to increases in biopterin and regional BH~4~ in the brain from 70% to 92% gestational development [@bib69]. The thalamus and basal ganglia show the greatest developmental increase of BH~4~ between 70% and 92% gestation, which significantly decreases upon *in vivo* HI injury. Low BH~4~ was verified in the thalamus, after HI [@bib59], [@bib70]. Brain ascorbate was also reduced by HI although the brain region affected is more diffuse than BH~4~.

Different survival rates are found in *ex vivo* primary neuronal cultures from the basal ganglia, cortex, and thalamus following *in vivo* HI. Thalamic cells from 70% gestation exhibit the lowest survival rate in a BH~4~-free milieu, in control and HI groups [@bib71]. HI but not control cells are amenable to rescue with supplemented *ex vivo* BH~4~, suggesting a causal relationship between HI injury and BH~4~-dependent pathways. At 92% gestational age, only cortical neurons show some improved survival. This interaction of regional susceptibility, timing, and embryonic age is key in the overall pathogenesis of brain injury.

11. Low developmental BH~4~ levels in brain HI injury {#s0055}
=====================================================

The degree of HI-injury outcomes coincides with developmentally low levels of BH~4~. Increasing BH~4~ in the fetal brain prior to HI prevents or ameliorates brain injury. Maternal treatment with low dose of the BH~4~ precursor sepiapterin (0.6 mg/kg/day for five days) increases BH~4~ in maternal and fetal tissues [@bib69]. Brain BH~4~ however improved preferentially in the thalamus, and after HI, BH~4~ were higher than the levels in naïve controls, while other brain regions show no change with respect to controls [@bib69]. Increasing BH~4~ levels in the fetal brain above a critical threshold of depletion better preserves intact motor functions following HI injury. The neurobehavioral scoring reveals fewer newborn kits showing severe hypertonia and dystonia, while improving locomotion and righting reflex.

Also, increasing BH~4~ offset dopamine loss in the basal ganglia after HI, while fully preserving serotonin levels in the thalamus. Whether loss of neurotransmitters explains motor dysfunction in CP is however debatable. A recent clinical trial testing the benefits of levodopa in dystonic CP showed no benefits of the treatment in patients who had compromised upper limb movement [@bib72]. This study was limited by a small sample size, but suggested that global neurotransmitter modulation has a limited role in ameliorating motor deficits of advanced CP. Treatment at early ages, however, has shown improvement. Thus, more studies are needed to better define a window of therapeutic opportunity. Another confounding aspect is that BH~4~ depletion increases oxidant formation, which may play a role [@bib64], [@bib73].

The fetal rabbit model indicates that BH~4~ pathway is a target of HI ([Fig. 4](#f0020){ref-type="fig"}), and a two-hit model likely explain susceptibility to injury [@bib71]. The first condition necessary is low developmental, like in prematurity, BH~4~ levels. Even at term gestation, BH~4~ concentration appear to be lower than in adults. This sets the stage for HI causing a depletion below the critical threshold for critical injury. BH~4~ supplementation counteracts HI injury, probably because the levels in the brain increase above a critical threshold even after HI. This threshold may be different depending on the molecular function and location given the fact that BH~4~ is a cofactor for several critical enzyme pathways. Whether supplementation with BH~4~ is a significant strategy for prevention of HI-brain injury in pregnancies at risk or as an early treatment option is a possibility to be considered.Fig. 4HI and reperfusion reoxygenation target BH~4~. Changes in BH~4~ bioavailability in the immature fetal brain may have significant consequences in neuronal survival, neurotransmitter synthesis, and redox homeostasis via NOS uncoupling.Fig. 4

12. Conclusions {#s0060}
===============

Loss of BH~4~ in the fetal brain decreases neuronal function. The pathophysiology of genetic versus HI-induced loss of BH~4~, however, is dissimilar in that HI-induced loss of BH~4~ occurs concomitantly with oxidant injury. Although BH~4~ supplementation prevents HI-injury, a full understanding of the immediate and long-term results of BH~4~ supplementation in the prevention and treatment of childhood disorders warrants further investigation.
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